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The charge state distribution for oligonucleotides detected using negative ionization electro- 
spray-mass pectrometry has been studied as a function of solution counterion concentra- 
tion. In the absence of added buffer, an average charge state (Z) of -7.2 is observed for a 10 
/zM aqueous olution of a 14mer DNA at pH 7.0, with [M - 8H] a- the most abundant ion. 
As the solution concentration of ammonium acetate increases from 0.1 to 33 raM, Z shifts to 
-3 .8  with [M - 4H] 4- the most abundant charge state. The shift in most abundant charge 
state from [M - 7H] 7- to [M - 4H] 4- occurs abruptly between 1.0 and 10 mM NH4OAc. 
Above 100 mM NH4OAc , the value of Z plateaus at -3.1, with [M-  3HI 3- the most 
abundant charge state. The addition of 1-50 mM glycine to the analyte solution does not 
alter Z, suggesting that the changes in charge state observed by using ammonium acetate 
result from a solution equilibration of cations around the DNA strand, rather than nonspe- 
cific gas-phase proton transfers during the electrospray process. The fraction of neutralized 
phosphate groups reaches a maximum of 0.79 + 0.03 independent of length and sequence. 
© 1997 American Society for Mass Spectrometry (J Am Soc Mass Spectrom 1997, 8, 155-160) 
M 
onitoring the solution properties of macro- 
molecules and their noncovalent complexes 
via electrospray-mass spectrometry (ES-MS) 
represents an exciting new area of investigation [1-29]. 
Several reports have correlated the measurement of
parameters such as dissociation constants for proteins 
and nucleic acids with similar results obtained by 
using ES-MS [21, 24, 26]. While the process(es) generat- 
ing multiply charged gas-phase ions from solutions of 
macromolecules remains unclear, it is apparent hat 
the ES-MS charge state distribution, average charge 
state (Z), and maximum observed charge state are 
sensitive to solution conditions [30-38]. Hence, it is 
critical to characterize these parameters with biophysi- 
cal properties under conditions of high osmolarity. For 
proteins, charge state distributions have been modeled 
in detail both in solution and the gas phase [39, 40]. 
The charge state distributions observed in ES-MS can 
be fitted to the gas-phase basicity or to solution pK a 
values of the accessible surface residues [39]. How- 
ever, interpretation of variations in ES-MS spectra of 
proteins resulting from altered solution pH or buffer 
concentration is complicated by the complex three- 
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dimensional structures proteins can adopt, which may 
alter the local acidity or basicity of side chain residues. 
The ES-MS charge state distributions observed for 
oligonucleotides have been studied in less detail. 
Oligonucleotides have fewer titratable groups and in 
neutral solution only the phosphate backbone is 
charged. In solution, the electrostatic field generated 
by the negative charge of the phosphates accumulates 
an atmosphere of cations around the oligonucleotide, 
even in the presence of an applied electric field gradi- 
ent [41]. The solution composition of this atmosphere 
and charge state distribution depends on the quantity 
and identity of dissolved cations. Changes in the solu- 
tion distribution of cations form the basis of ES-MS 
methods used to reduce the adduction of nonvolatile 
sodium or potassium atoms [25, 42-44]. Additionally, 
the solution charge state distribution may be altered at 
extremes (less than 4 or greater than 9) of pH where 
the nucleobases are protonated and deprotonated, re- 
spectively. The lack of a defined structure for single- 
stranded oligonucleotides complicates calculation of 
the aqueous charge state distribution, and modeling of 
the gas-phase distribution of charge states detected by 
using ES-MS is more difficult than for proteins [45]. 
In this report, the ES-MS charge state distribution 
observed for oligonucleotides has been evaluated as a 
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function of added buffer strength. A reduction in aver- 
age charge state (Z) is observed with increasing solu- 
tion concentrations of ammonium acetate, but the value 
of Z and the most abundant charge state plateau 
above 100 mM. A nonlinear shift in the charge state 
distribution is seen between 1 and 10 mM concentra- 
tions of buffer, suggesting that alterations in the solu- 
tion distribution of cations around the phosphate back- 
bone directly affect the charge states observed in the 
gas phase by using ES-MS. 
Experimental 
Materials 
Two oligodeoxynucleotides GAGACTGCCAAGCG (1) 
and GAGACTGCCAAGCGGCGAACCGTCAGAG (2) 
were prepared by using an automated DNA synthe- 
sizer (ABI, Foster City, CA) and conventional phos- 
phoramidite chemistry [46]. The sequences were de- 
signed to prevent formation of hairpin or duplex struc- 
tures. Stock 15 /zM solutions of oligonucleotide were 
prepared and diluted to 10 /zM following addition of 
NH4OAc buffer (pH 7.0) and water. Solutions then 
were mixed with isopropanol in a 1:1 ratio by volume 
prior to analysis to enhance lectrospray stability and 
performance. Isopropanol presumably reduces olution 
viscosity and may enhance solvent volatility during 
the electrospray process. 
Mass Spectrometry 
A Hewlett-Packard (Palo Alto, CA) 5989A quadrupole 
mass spectrometer with an extended mass range (m/z 
2650) was employed in the negative ionization mode 
by using a 59987 electrospray unit. A microspray ion- 
ization source was fabricated from 6 in. of 50-/zm-i.d. 
fused-silica capillary column (Polymicro Technologies, 
Phoenix, AZ) surrounded by a 29 gauge stainless teel 
needle. This pair replaced the inner needle assembly in 
the standard Analytica (Branford, CT) ion source [47]. 
A countercurrent gas flow of 1.0 L /min  with a gas 
temperature of 80 °C was employed with the mi- 
crospray ion source. For pneumatically assisted elec- 
trospray, a countercurrent gas flow of 10.0 L /min  was 
provided at 180-220 °C. A capillary exit-skimmer volt- 
age difference of -51.0 V was used in both cases. 
Variation of this voltage did not affect duplex stability 
and changed ion intensities by less than 5%. The 
quadrupole filter was maintained at 150 °C. A -500-V 
differential was used between the cylinder housing 
and the capillary, whereas a -1500-V differential was 
used between the capillary and the endplate flange. 
Reported molecular masses were derived from the 
most abundant isotopic peak. 
The ES-MS signals were integrated at half height 
using Hewlett-Packard Chemstation software. The av- 
erage charge state (Z) was determined from the inte- 
grated signal intensities [48]. No correction for the 
intrinsic bias of the quadrupole mass analyzer has 
been included for the higher charge states detected in 
the presence of less than 33 mM NH4OAc. However, 
the secondary lens and skimmer voltages were reopti- 
mized for the [M - 3HI 3- charge state for the experi- 
ments with 33-500 mM buffer. The voltage difference 
between the capillary exit and the first lens was held 
constant o reduce differences in coUisional activation 
between the high-salt and low-salt experiments. 
Results 
The ES-MS spectrum for a 10 /~M aqueous olution of 
DNA 14mer 1 containing 0.1 mM ammonium acetate 
generates charge states ranging from [M - 9H] 9- to 
[M-  3H] 3- (Figure la). Some residual adduction of 
DNA ions with sodium cations is evident in the spec- 
trum. The average charge state (Z) is -7.2, and the 
most abundant charge state is [M - 8H] 8-. Increasing 
the concentration of NH4OAc to 2.0 mM reduces the 
intensity of ions from adducted species and increases 
the abundance of the [M-  4HI 4- and [M-  3H] 3- 
charge states (Figure lb). As shown in Figure lc, fur- 
ther addition of NH4OAc to 500 mM shifts the center 
of the charge state distribution to [M - 3H] 3-, with 
disappearance of all other charge states except for 
[M - 4H] 4- and [M - 2H] 2-. The relative abundance 
of nonadducted oligonucleotide ions is increased by 
10% at 2 mM NH4OAc , although the total integrated 
ion abundance from adducted and nonadducted 
species is diminished by 25%. At 500-mM NH4OAc ,
the relative abundance of nonadducted charge states is 
15% of the starting value, but constitutes nearly all of 
the integrated ion intensity. 
The average charge state (Z) has been determined 
as a function of the concentration of ammonium ac- 
etate from 0.1 to 500 mM. When the concentration of
NH4OAc is increased from 0.1 to 33 mM, Z shifts from 
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F igure  1. Relative ion abundance obtained for a 10-p.M solution 
of oligonucleotide 1 by using microspray ES-MS. (a) 0.1 mM 
NH4OAc buffer; (b) 2.0 mM NH4OAc buffer; (c) 500 mM 
NH4OAc buffer. 
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-7 .2  to -3.1. The value of Z remains constant at -3.1 
as the concentration of NH4OAc is increased from 100 
to 500 mM. However, as presented in Figure 2, the 
most abundant charge state for the 14mer jumps 
abruptly from [M - 7H] 7- at 1 mM NH4OAc to [M - 
4H] 4- at 3.3 mM NH4OAc. At concentrations of 
NH4OAc above 100 mM, the most abundant charge 
state shifts to [M - 3H] 3-. A similar shift in the most 
abundant charge state is observed by using higher 
solution flow rates (7 ~L /min)  and pneumatically as- 
sisted nebulization (70 lb/in. 2 N2; data not shown). 
The change in charge state distribution also has 
been studied for DNA 28mer 2. As shown in Figure 3a, 
[M - 13H] 13- is the most abundant charge state in 1.0 
mM NH4OAc and Z = -12.1. Addition of NH4OAc 
to 3.3 mM enhances the abundance of the [M - 5HI s- 
charge state (Figure 3b), which becomes the most 
abundant ion in 10-mM NH4OAc (Figure 3c). The 
average charge state reaches a value of -5.25 at 100 
mM NH4OAc.  
The exact location of cations bound along the phos- 
phate backbone cannot be determined, and it is more 
rigorous to visualize an atmosphere of mobile cations 
that condense onto phosphate groups during the desol- 
vation process. The fraction 0 of phosphates in an 
oligonucleotide of arbitrary length condensed with 
ammonium and sodium ions can be defined as 0 = 
[1 - (Z/Np)],  where Np is the number of phosphate 
groups. Each phosphate charge is effectively lowered 
by the same fractional amount (1 - NON), where N is 
the charge of the cation [49]. A plot of 0 versus 
log[NH4OAc] is shown in Figure 4 for oligonu- 
cleotides 1 and 2. The value of 0 increases emiloga- 
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Figure 3. Relative ion abundance obtained for a 10-/.~M solution 
of oligonucleotide 2 by using microstrapy ES-MS. (a) 1.0 mM 
NH4OAc buffer; (b) 3.3 mM NH4OA¢ buffer; (c) 10.0 mM 
NH4OAc buffer. 
rithmically from 0.5 at 0.3 mM to 0.7 at 10 mM solution 
concentrations of NH4OAc, and reaches a limiting 
value of 0.79 + 0.03 above 100 mM NH4OAc. 
Changes in the ES-MS charge state distribution for 1 
resulting from gas-phase proton transfers have been 
evaluated using glycine, a zwitterionic buffer. The 
local concentration of neutral glycine in solution should 
not be increased by the electrostatic field of the 
oligonucleotide, and the glycine will not condense 
around the phosphate backbone. The charge state dis- 
tribution for 1 presented in Figure 5 is unchanged 
upon addition of 1-50-mM glycine. The relative ion 
abundance is enhanced 1.6-fold in the presence of 1 
mM glycine, but diminished approximately twofold 
with 50-mM glycine. Small changes are observed in the 
relative abundances of the sodium-adducted ions. 
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Figure 2. Mole fraction of each charge state observed for DNA 
14mer 1 as a function of the concentration of ammonium acetate 
present in solution. 
Discussion 
The average charge state of an analyte can be altered 
by processes that affect any of the three stages of the 
electrospray ionization process: solution ionization 
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Figure 4. Plot of 0 versus log[NH4OAc] present in solution for 
oligomers 1 and 2. 
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Figure 5. Microspray ES-MS results obtained for a 10 /~M 
solution of oligonucleotide 1.(a) No added glycine; (b) 1.0 mM 
glycine buffer, pH 7.0; (c) 50 mM glycine buffer. 
state and counterion distribution, interface conditions, 
and gas-phase reactions [32, 33]. Studies of proteins 
have yielded iffering results about he relative impor- 
tance of ions and their concentration on the charge 
state distribution. Mirza and Chait [33] studied the 
effects of anions on positive ES-MS of proteins. Up to a 
15% reduction in average charge state was noted with 
approximately millimolar concentrations of different 
anions, independent of the structure of the peptide or 
protein. They proposed that the strong solution associ- 
ation of anions with protonated side chains leads to 
charge reduction as the ion pair dissociates during 
desolvation or in the gas phase to yield the free acid, 
with or without CID. The proportion of charge reduc- 
tion for proteins is much smaller than we observed for 
nucleic acids with ammonium ions. Wang and Cole 
[48] studied the charge states of myoglobin and 
lysozyme in positive ES-MS, and phenolphthalein 
diphosphate in negative ES-MS as a function of the 
concentration f ammonium acetate and cesium chlo- 
ride. They observed no change in the value of Z for 
any of the analytes at buffer concentrations up to 100 
raM. The results were generalized to a model of the 
electrospray process where a constant charge state 
distribution was expected for many types of molecules 
independent of the nature and concentration f added 
"spectator" electrolytes present in the solution. 
Few studies have been performed on the charge 
state distribution of oligonucleotides a a function of 
solution ionic strength. Addition of strong acid shifts 
the average charge state to lower values, although the 
effect may result from protonation of the nucleobases 
rather than solution exchange of sodium ions for pro- 
tons along the phosphate backbone [28, 32]. Addition 
of strong base increases the average charge state for 
oligonucleotide homopolymers [31]. Several groups 
have shown that the cation atmosphere around DNA 
or RNA can be altered by addition of approximately. 
millirnolar levels of ammonium or triethylammonium 
cations, with no effect on the charge state distribution 
[25, 42-44]. However, Greig and Griffey [42] demon- 
strated that 30-mM imidazole reduced the average 
charge state for a DNA 20mer and generated a bi- 
modal distribution. Other buffers covering a range of 
gas-phase proton affinities did not change the charge 
state distribution of a 20mer oligonucleotide. No ad- 
duction of buffer ions to the oligonucleotide was ob- 
served with a heated capillary interface. Cheng et al. 
[32] added 10-mM diaminobutane to a solution of 
d(pT)R12 and observed a reduction in charge state. 
They noted that the reduction in charge state de- 
pended on the solution concentration of diamine. 
Higher concentrations increased the degree of adduc- 
tion and required higher differences between 
nozzle-skimmer voltage, whereas lower concentra- 
tions were less effective at reducing the charge state of 
oligonucleotides. The reduction in charge state seen at 
the higher nozzle-skimmer voltage difference may 
have resulted in part from increased fragmentation f 
more highly charged ions. Cheng et al. [32] concluded 
that the charge state reduction results from shielding 
of charge-bearing sites by formation of adducts in 
solution with diamine. 
We have observed a large change in Z as a hanction 
of buffer concentration for oligonucleotides. The di- 
chotomy between oligonucleotides and proteins is con- 
sistent with solution models of polyelectrolyte electro- 
statics, which predict no significant condensation of
counterions around spherical proteins [41]. The pres- 
ence of a salt-invariant layer of cations around 
double-stranded DNA has been demonstrated in solu- 
tion using 23Na NMR [50]. The composition and nature 
of this cationic loud is a hmction of pH, cation con- 
centration, and polyelectrolyte conformation. Although 
the conformation of a single-stranded oligo- 
nucleotide is more dynamic than a duplex, preor- 
ganization of the strand through base stacking 
would produce a rodlike geometry that could attract 
counterions. 
Observation of a limiting value for 0 that is inde- 
pendent of oligomer sequence and length suggests that 
gas-phase proton transfers from excess ammonium 
cations to the DNA do not occur at the highest concen- 
trations of buffer. In a charge vaporation model, such 
transfers might be enhanced if the relative concentra- 
tion of ammonium ions had increased in the droplet 
prior to detection. The electrostatic origin of the cation 
condensation has been confirmed by using glycine, a 
zwitterionic buffer. Glycine should not condense 
around the phosphate backbone in solution, but unas- 
sociated molecules in the droplet might donate protons 
and strip charge from the oligonucleotide uring the 
desolvation process [32]. No change in the ES-MS 
charge state distribution for 14rner I was observed for 
a solution containing 50 mM glycine. Hence, nonspe- 
cific proton transfers may contribute little to the charge 
reduction obtained with ammonium acetate. 
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Although the average charge state decreases expo- 
nentially with added NH4OAc between 0.1 and 33 
mM, the actual charge state distribution changes 
abruptly. The most abundant charge state shifts from 
[M - 7H] 7- to [M - 4H] 4- near 2-mM NH4OAc. The 
abrupt shift in charge state distribution may reflect a 
change in the organization of electrolytes around the 
DNA or a change in the structure of the DNA. The 
degree of expansion of a flexible polyelectrolyte such 
as DNA in solution depends on the ionic strength of 
the media [51]. It is tempting to speculate that the 
single-stranded DNA condenses into a more compact 
structure with a lower charge state when a critical 
concentration of surrounding cations is attained. No 
analogous ituation exists for proteins, although it has 
been proposed that the higher charge states observed 
for proteins occur on structures that are elongated 
relative to the native conformations. The abrupt shift 
with microspray and pneumatically assisted nebuliza- 
tion suggests that droplet size and evaporation rates 
are not critical factors governing the charge state distri- 
bution. However, a transient change in ammonium ion 
concentration during the desolvation process in a frac- 
tion of the droplets that generate oligonucleotide ions 
might also account for the observed charge state distri- 
bution. 
The ion abundance generated by ollgonucleotides is 
a function of buffer type and concentration. The total 
ion abundance from all species diminishes tenfold as 
the concentration of ammonium acetate is increased to 
500 mM. This effect probably results from competition 
between the acetate anion and oligonucleotide for ion- 
ization during the electrospray process, as only a 
twofold reduction in ion abundance is observed with 
glycine concentrations of 1 and 50 mM. However, the 
intensity from nonadducted ions is slightly enhanced 
at intermediate concentrations, and reduced sixfold at 
the highest level. 
Conclusions 
The ES-MS charge state distribution observed for 
oligonucleotides i a function of the concentration of 
free ammonium ion in solution. The variation in aver- 
age charge state with ammonium ion concentration is 
unique to ohgonucleotides and probably results from 
the electrostatic properties of the polyphosphate back- 
bone in solution. This contrasts with proteins, whose 
spherical charge distribution does not generate an 
electrostatic instability. The sudden shift in the most 
abundant charge state observed at intermediate cation 
concentrations was unanticipated and suggests that 
solution conformation and cation organization may be 
important in modeling the electrostatic properties of 
oligonucleotides. Addition of 10-50 mM concentra- 
tions of amine buffers as typically used in high perfor- 
mance liquid chromatography purification of oligonu- 
cleotides hould also reduce the charge state distribu- 
tion and simplify the ES-MS spectra of complex mix- 
tures [32]. Similar concentrations of buffer also are 
important for solution stabilization of oligonucleotide 
complexes with complementary DNA or proteins prior 
to ES-MS analysis. 
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